We study classical and quantum dynamics of two spinless particles confined in a quantum wire with repulsive or attractive Coulomb interaction. The interaction induces irregular dynamics in classical mechanics, which reflects on the quantum properties of the system in the energy level statistics (the signatures of quantum chaos). We investigate especially closer correspondence between the classical and quantum chaos. The present classical dynamics has some scaling property, which the quantum counterpart does not have. However, we demonstrate that the energy level statistics implies the existence of the corresponding scaling property even in the quantum system.
I. INTRODUCTION
The recent development in high technology has fabricated nano-scale quantum dots [1] [2] [3] [4] [5] [6] [7] [8] [9] . However, closer correspondence between the classical chaos and the quantum chaos in those systems has not been investigated well.
The simplest system among them would be the one-dimensional system [5, 6] . In this paper we are concerned with behavior of two particles interacting with each other via the repulsive or attractive Coulomb potential in a one-dimensional system and study the correspondence between the classical and quantum chaos in detail. According to Fendrik et. al. [6] , we introduce an effective Hamiltonian for a quantum wire, which reduces the original 3D system to the quasi-one-dimensional system. While its classical dynamics has some scaling property, the quantum counterpart has no such scaling property. We, however, show that the energy level statistics implies the existence of the corresponding scaling property even in the quantum system. This is demonstrated by calculations of the Brody parameter for distributions of the nearest neighbor level spacing (NNLS).
This subject, scaling in quantum chaos, has been examined for some other systems, coupled harmonic or quartic oscillators [10] [11] [12] and the hydrogen atom in a magnetic field [13] .
In order to clarify closer correspondence between the classical and quantum chaos, we introduce a novel kind of maximum Lya- are not a suitable measure of chaotic irregularity for the present system, while several authors showed that it is a suitable measure of the irregularity in other systems [13] [14] [15] . This paper is organized as follows: In Sec.II, we construct a quasi-one-dimensional model of two electrons confined in a quantum wire. We introduce a new kind of MLE. In Sec.III, we explore the distribution of NNLS in wide range of energy and interaction strength. Then we examine the chaotic irregularity of the corresponding classical system with the use of the MLE and Poincaré maps. We clarify correspondence between the energy dependence of the distribution of NNLS and the chaotic irregularity in the classical counterpart. Summary and conclusion are given in Sec.IV
II. MODEL AND METHOD

A. Quantum dynamics
We consider two spinless particles (two electrons or an electron-hole pair with the same mass) confined in a quantum wire. We assume a narrow parabolic confinement in the transversal directions (x and y-directions), which are much narrower than a confinement in the longitudinal direction (z-direction).
We consider a hard wall potential in zdirection. The particles are interacting with each other via the repulsive or attractive Coulomb potential. The Hamiltonian of the system is written as
We assume that the particles occupy the lowest-energy state associated with the transverse motion, which is energetically well separated from the excited states. Then the twoparticle wave function can be approximated
where φ 0 (x) is the lowest energy eigenstate of a harmonic oscillator. The wave function Φ(z 1 , z 2 ) satisfies the equation
where the effective Hamiltonian H 1D is defined by
V 1D (z) is the effective potential given by
and a = /mω. In this way, our system exhibits a quasi-one-dimensional property. Now we introduce a model potential [6] defined by
In Fig.1 , the solid and broken curves indicate the numerically calculated potential V 1D and the analytical potential V m , respectively. We see that V 1D can be well approximated by V m .
We adopt V m instead of V 1D as the interaction potential between particles since the analytical potential can be dealt with more easily.
Thus our effective Hamiltonian is written as
We scale lengths, angular momentums and masses by L, and 2m, respectively, where L is a width of the system in the longitudinal direction. Then the effective Hamiltonian is reduced to It should be noted that the present 1D two-particle system is equivalent to a 2D system of one particle having a coordinate (z 1 , z 2 ) within a hard-walled square billiard.
The Hamiltonian of the latter system is also given by Eq. (8), in which the first and second terms represent the kinetic energy of the particle and the third term represents a external potential. We can chose energy eigenfunctions of the 2D system as being symmetric or antisymmetric against exchange be- 
where m and n are integer larger than zero.
The components of the Hamiltonian matrices are represented with respect to φ m,n in Eq. (9) as
where I(m, n|m , n ) is defined by
We further take into account the parity of the system. The present system is invariant under the inversion associated with the center (z 1 , z 2 ) = (1/2, 1/2). Therefore, the eigenstates are classified into ones having the even parity with (m, n) =(even, even) or (odd, odd) and those having odd parity with (m, n) =(even, odd) or (odd, even). We concentrate ourselves on the eigenstates of the even parity in this paper, when we examine NNLS.
NNLS is fitted to the Brody distribution function 
B. Classical dynamics
Now we turn to the dynamics of the classical counterpart of the two-particle system described by the Hamiltonian (8) . Similarly to the quantum case, lengths, angular momentums and masses are scaled by L, and 2m, respectively. The equations of the motion are then given as 1 2
The λ defined by λ = ±2e 2 mL/ 2 is dimensionless. The total energy is represented as
The dynamics of the present system is equivalent to that of a particle confined in a 
The rescaled energy ε = E/|λ| is given by
The plus and minus signs in Eqs. (15) and (16) correspond to positive and negative λ, respectively. Consequently, the classical behavior of the system is independent of the value of λ itself. This is because in the classical system there is no such characteristic length as the Bohr radius due to the finite Plank constant in the quantum system. Even if we enlarge the system size, we can find the equivalent trajectory by increasing the total energy. On the other hand, the quantum behavior of the system depends on the value of λ directly. 
We follow these orbits for a time interval ∆τ .
The distance between the two orbits at τ = ∆τ is represented as
Then we choose a new starting point of displaced trajectory at time τ = ∆τ as (p(∆τ ), q(∆τ ))
so that the distance between the new starting points equals d 0 . The trajectory is followed up to time τ = 2∆τ . The new deviation of the displaced orbit from the reference orbit
is computed, and a second rescaled trajectory is started. This process is continued, yield-
using these values, MLE is defined as
where n is the number of the time segment.
This quantity Γ L is, however, not suitable as We introduce a novel kind of MLE defined
The definition of Γ L is almost the same as 
where b is given in Eq. (12) . By using the above relation and the least-squares fitting method we evaluate the Brody parameter α for the dstribution P (S) of the NNLS. Hereafter we take δ = 0.01. As an example, a result of fitting for λ = 200 is shown in Fig.3 . We also point out that an area of the largest irregular region in Poincaré map, which is adopted by several authors as a measure of chaotic irregularity [13] [14] [15] , is irrelevant for the present system. We calculate the ratio R a between two areas in Poincaré On the other hand, the orbits become more regular as seen obviously in Fig.13 when ε increases for ε > 100. Therefore R a is not a proper measure of irregularity in the present system in contrast to the other systems, in which R a can be adopted as a measure of irregularity [13] [14] [15] . where we take ∆t = 0.01. The increase of Γ L is due to the fact that the dynamics of the particle becomes faster with the increase of ε. Γ L does not reflect degree of chaotic irregularity of the classical system similarly to the case of the repulsive interaction.
We also calculate the ratio R a between two areas in Poincaré maps, the area of the largest irregular region and the area of total region reachable, in the same manner used The present classical system has a scaling property: Its dynamics is characterized by the rescaled energy parameter ε = E/|λ|, where λ is the interaction strength parameter. Contrastingly, the quantum system has no such scaling property. However it has turned out that the distribution of NNLS in the quantum system has a scaling property similarly to the case of classical mechanics.
The Brody parameter α depends almost only on the average value of ε and is insensitive to the value of λ itself.
In the classical system, we found that orbits are more regular for larger values of ε.
The ordinary MLE Γ L is not suitable measure of chaotic irregularity for the present system, because they increase with ε whereas the irregularity of the system decreases. We intro- We also showed that the area of the ir-
